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- is'to provide d'summary understanding of the chemical oxidation applications available forin _~° " -
f-sinrgronndwatgr'qeannenh and to supply technical information that is useful for the preparation
- ofdesign criteria and performance specifications for the Groundwater Operable Unit (GWOU)

Fenton treatment (Work Package 550) bid documents.

 3840-Q:HG-K-054815-00

139




537

Many documents and internet resources were reviewed to supply information for this technical
memorandum. In situ methods of groundwater treatment are being researched on a number of
fronts, both in the government and private sectors. To assist government and private remediation
projects, a number of govemnmental entities and technical groups have focused on emerging
technologies for in situ groundwater remediation. Some of these gmups and their respective
internet sites are given below:

. g g =

U.S. Department of Energy:

° Office of Science and Technology, http.//www osti.gov/

. Subsurface Contaminants Focus Area, http://www.envnet.org/scfa/

° Office of Environmental Management (EM): TechCon (“Technology Connection™)
Program, http://www.web.ead.anl.gov.techcon/index.cfm

. Office of Environmental Management (EM): Innovative Treatment Remediation
Demonstration Program, http //www em. doe gov/ltrdl

" U.S. Department of Defense: =~~~
e . Strategic Environmental Research and Development Program (SERDP),

http://www _serdp.ore’

e Environmental Security Technology Certification Program (ESTCP),
http://www.estcp.org

U.S. Environmental Protectior. Agency:

° Technology Innovatian Office (TIO): http://www.epa.gov/swertiol/

. (affiliated) Ground Water Remediation Technologies Center (GWRTAC):
http://www.gwrtac.org/

- Federal and State Cooperatives:

. Interstate Technology and Regulatory Cooperation Work Group: DNAPLs/

- Chemical Oxidation Work Team, http://www.itrcweb. org/common/default.asp

e Fedural Remediation Technologies Roundtable ( DOE EPA DOD DOI DOC .

-0 - 'DOA, NASA) http://www frir.gov/ . S T U R
e " Interagency DNAPL Censortium: (DOE. DO:: EPA NASA) i LS A
. htto: //www getf org/dnaplgucst/ T

“ e .

+... These reseamh groups:have pnomlzed the shanng of mformanon with other fedcral agencies and
.. the private sector. They also jointly encourage and sponsor (in the form’ of ﬁcld dcmonstranon
i snes) the use of i mnovanve in situ tcchnologles for groundwatcr clcanup :

B Y . . Throughits Ixmovwvc Technology Program, the Department of Encrgy (BOE) has complcted
: " demonstration projects using in sitv chemical oxidation for the remediation of chlorinated
solvents-in soil and groundwater at three sites: Savannah River Site, Aiken, SC; Portsmouth
Gaseous Diffusion Plant, Piketon. OH: and Kansas City Plant, Kansas City, MO (ESTCP, 1999).
In addition, the Department of Defense (DOD) has utilized in situ chemical oxidation technology
at a number of sites for the remediation of VOCs including chlorinated solvents. Most

e R . E IRRC R R e 3840:@!10-!(4)&4815-00
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1 %‘; applications of this technology have been performed on a pilot scale, but some have progressed
oy

f to full-scale operations.
by 11 TCE Contamination at the GWOU
Q ? ' TCE contamination of groundwater at the chemical plant area is localized, primarily in the
] ‘fi* vicinity of the raffinate pits within two zones (DOE, 1999a). Recent TCE concentrations range
: , 8 from 0.5 to 870 pg/L, compared to the EPA Maximum Contaminant Limit (MCL) of S pg/L.
: % o The shallow aquifer beneath the chemical plant is made up of fractured, weathered limestone that
(& is highly heterogeneous because of weathering, solutioning, fracture patterns, and paleochannel
& development on the bedrock surface. The paleochannels, mapped from extensive borehole data,
oA have been correlated with troughs in the potentiometric surface of the shallow aquifer. Conduit

flow in the paleochannels is indicated by dye tracer testing, which has measured average

w’ P & -‘. e
i
1

groundwater vclocmes of up to to 2 ft/mm (DOE l999a)
4“4 The source for the dissolved TCE in groundwater at the chemical plant has not been identified =
LE " with certainty (MK Environmental, 1997); however, the presence of TCE is believed to be a

relatively recent occurrence (DOE and DA, 1997). Potential source zones are waste drums

removed from the southeastern comer of Raffinate Pit 4 and contaminated soils and sludge in
Raffinate Pits 3 and 4. Although sampling of oil residues from the drums in Pit 4 indicated TCE

at levels up to 280,000 pg/kg, samples from the underlying soils and sludge from the pits did not
indicate any significant TCE source. It is possible that the ~~urce may have already been

depleted (DOE and DA, 1997). The selected remedial alternative (DOE. 1999b) for the GWOU
will focus on the reduction of dissoived TCE contamination in groundwatcr B o

12 o Qitn Chemical Oxidatlon Treatment

- ; For many ycars, chcmlcal oxzdauon proc =sses have bcen wndcly used to treat orgamc
“ comammams m dn'\kmg wa!er and mumcxpal and mdustnal wastcwalcrs (Slcgnst 1998)

L appl:cauon and is rcccmng increasing attention duc to its rclame ease, low cost md speea Ths: o
- cost of chemical oxidation reagents is relativelv low, so their-use is generally far less costly than -
otheractive source removaltéchnologies such as in situ thermal treatment or flushing using -~
cosolvents;  Since the-reaction time is ncar-immedxate treatment-is far- more mpr}&mn btologxeal
o techmaucs and can be faster. xhan thermal or.vapor recov ery. xechnologtcs (ESTC& 1999) s

-5 Iy sifr oxidation has only Been commercially practiced for the last5 to 6ycars and accor@ngly L
... _thetechnolcgy is rapidly evolving based on a better understanding of the technology’s _
“ormeo T mitations and the engineering approaches to overcome these limitations (ESTCP, 1999). There -
‘ are a number of chemical oxidants and a vanety of methods for delivery of the oxidant to the
contaminated media. Oxidants that have been typically used for remediation of soils and
groundwater are:

S Revi0 i ’ . T uxxzsom No :
o ' ’ 3840-Q:HG-K-05-4815-00




. Hydrocarbons. .

o hydrogen peroxide (H,0,), including Fenton’s Reagent (H,0, + Fe*')
e permanganate (potassium, KMnO,, and sodium, NaMnO,)
e ozone (O,)

Each of these treatments has been applied at pilot or full scale at government or private
remediation project sites with varying success. Table 1-1 below is extracted from a recent survey
of 42 sites performed by the DOD’s Environmental Security Technology Certification Program

(ESTCP, 1999) where in situ chemical oxidation treatments were carried out at private, DOD, ]
and DOE sites. 1
Table 1-1. Characteristics of 42 sites where in situ chemical oxidation has been applied.
o RIS IS DOD Sites DOE Sites Private Sites Total
Number of Sites 14 3 25 42
__Contaminants | cvoc! ) 3 10 19 4
I ...ﬁ,i : i . H’ PR SR ....,,._..5..,.._,__......4 e et 16 ..‘...._2*,«,...,_.« o e e u NN
Boh ! -
Unknown o £ ‘5
Media Treated Soil Only 0 0
: Groundwater 2 0
Both 10 3
Unknown 2 -
Oxidant Used | Hydrogen Peroxide (Fenton) | 12 1
Potassium Permanganate 1 2
Ozone 1 0
Vendor GeoCleanse 8 1
CleanOx 3 0
ISOTEC I 0
- Other 2 2
~Scale of | PilovDemo Only 9 BERE
Treatmcm b FullOmls 1 L0
- Qutcomc._ -Success O 3
Failure 6 0
'Uncerain 3 LIS

TCVOC = Chlorinated 1 ol2tile organic compounds (e.g., TCE PCE DCE) -
3BTEX/TPH = B:nzemt. ‘Towene, Exhv‘henzcne Xylene (vohnlc orgamc aromaucs)ftonl Pcn'olcnm

- JOuscome dctcrmmauons ;rh mlamc terms s based on av allablc mformaﬁ ; pro D A
and denote the teclinology’s abﬂny or lack therecf to sansfy facxhty—speaﬁc program pcrformmec ob,ecnves

“Pilot-scalé tests were compleled at all of the 14 DOD snes wnh at least ﬁvc tests p

full scale, indicating they were successful. All but two sites were treated using hydrogen - - -
peromde (Fenton’s Reagem) Discussions with site contacts indicate that six tésts were 77770
consid=red failures {inciuding one subsurface explosion that terminated in situ treatment at the

site). The three DOE sites were considered demonstration projects, but only one is listed as a

MKESDocNO,
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private sites were described as s
with others to follow. The
o Further Action letter) is, i

proceeded to full-scale applicati
Successes (e.g., the state issues a N

granted from tules that prohibit *
diation wells. Typically, these v
follo.wingk(n' RC,2000): - - )

approved by the governing s
through an underground i

o . A comective ﬁcxibnrpléri-hiiist be
' he discharge must be
the applicable cons

‘zones of discharge” for
anances are contingent upon the -

: 3840-0 :H

tate agé_ncy.‘ T R
and monitoring Arequircmyem;qf the state

uccesses. Ten of the sites have
description of these treatments as
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Missouri regulations currently prohibit injection that exceeds groundwater protection criteria.
Site-specific criteria may be used only for a contaminated aquifer, and for permitted projects, all
of the injectant must be removed from the aquifer (EPA, 1996).

2.0 FENTON’S REAGENT (H,0, and Fe™)

-y T AT -

il N S N

In the 1890s, H.R.H. Fenton developed a process that oxidized malic acid using hydrogen
peroxide and iron salts. This chemistry has been and is still widely used in the wastewater
industry for treating organic wastes. For this method, hydrogen peroxide is the active ingredient
in oxidation of organic compounds. The hydroxyl radical is the reactive species in the process
(Jerome et al., 1997). '

L]

Eo O N
¥
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Hydrogen peroxide is a powerful oxidant that has been used to treat wastewater for over 50 years
(DOE, 1999¢). Its oxidation potential is one of the highest among all oxidizers, as shown in
Table 2-1.

- —y . A
4

—
g

o, g‘ '

:
i
i
i

Table ~ 1. Oxidizing potential and relative oxidizing power of sclected oxidants. 4 , .
Oxidant (volts) Power inﬂ)
- Fluorine (F) : 3.03 , - 2.23
Hydm:fyl radical (OH- from 2.80 2,06
Fenton's Reagent)
Ozone (0,) 207 152
Hydrogen Peroxide \H,0.) 1.78 131
Permanganate (MnO,) 1.68 1.24
Chlorne Dioxide (C10,) 1.57 1.15
Chilonne (C1) 1.36 1.00
-Bromine (Br) - ‘ 1.09 080 .
[Todme® -~ 054 039

'

..,.,,.
o

. 2.1 -Technology Description” .. -

Fenton’s Chem;sgy(if;:“‘Feﬁ’téh‘svi‘léégent‘)ri;: essenual!vhydrogen pcmxtdc(Hzo-)com ned e
* with an iron salt (Fe™") catalyst. In the reaction, H,0; is decomposed by Fe'” to form highly
~_reachive b ylwradncals as expressed by the following equation (ITRC, 2000): SRR

D, b Fem =R <O 4OHe

-+ When applied o.contaminated media in a low-pH environment, the hydroxylradlcal (OHe)can

- non-selectively attack carbon-hydrogen bonds in organic compounds (Yin and Allen’ 1999)." The
.. Fenton’s Reagent reaction is very fast and much more efficient than using H.O, alone. With

chlorinated hydrocarbons such as TCE. the reaction is to degrade the compound, as represented

in the following stoichiometric reaction equation (ESTCP, 1999): .. :

Rev.0 o _, | MKES Doc. No.
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H,0, + C,Cl,H —» 2CO. - 3H" + 3CL + 2H,0
hydrogen TCE carbon hydrogen  chioride water
peroxide dioxide

The reaction products that are released into the subsurface are generally considered safe for the
environment (ITRC, 2000). Fenton's Reagent oxidation is most effective under acidic conditions
~(e.g., pH 2 to 4) and becomes less effective to ineffective under moderate to strongly alkaline
conditions and/or where free radical scavengers are present. The reaction is strongly exothermic
= and can create substantial gas, vapor, and heat (Siegrist, 1998). This has been a health and safety
problem at some sites where the reaction heat volatilized organic compounds in the groundwater
and vadose zone, and the VOCs migrated to the ground surface.

*

“
e

An important consideration in the design and application of Fenton’s Reagent .or groundwater
remediation is the presence of carbonate soil minerals or hard water conditions in the aquifer.
Carbonate minerals react vigorously with acids (commonly applied with the Fenton catalyst to
- Jower the pH); requiring-higher-reagent volumes and, in many-cases, precluding applicatiomrinr -~~~
limestone environments. Dissolved carbonate in water (as bicarbonate ion) also reacts wnh ac:d
" “and is a free radical trap reducing the efficiency of the oxidant (Bryant and Wilson, 1998)."

2.2 Advantages and Limitations

Through the application of Fenton's Reagent at various sites, advantages and lir...cing factors
specific to this chemistry have been noted. To maximize the effectiveness and minimize
unwanted results fror- the treatment. these factors should be carefully considered when choosing
this chemical oxidation method and its appiicability to a site and during the design phase. The
advantages and hmu:mons of the Fenton process for In situ treatmem of groundwatcr are llsted in
Table 2-2. : ‘

Tablc 2 2. Advantagcs and Lxmm'mns ot chon s Rcagcnt as apphcd to rcmcdmuon of volanlc orgxmc’k '
compounds in: groundwater (ITRC. 2000°2nd ESTCP, 1999). ‘ :

T k] t@vﬁaw* et o R SRR

‘Advantages i : Limitatious
1 H,O. is abundant and relanvely mcxpcnsnc ‘ 1. Requires acidic environment for cﬂ'cctwcncss wluch
can be problematic in limestone aquifer
2. Under ideal condmom 1tis a very =fficient and 2. Hazardous intermediate compounds may bc fom:ed
: " strong oxidizérof ofguiic Lompuunds(muudm:. | duc 17 incompiete oxidation caused by: 7 .
i m chlormated solvents)-without !.hepruduenon ot tonc ] ¢ lasufficient qmmv of eithicr oxidant’ or cau}yst_
) davghter products ~oocisiw oo oo L e The presence of interfering compounds (natural
' BRI R SRR organic-rich media. iron and/or mangmese) dn&
. ., consume the reagent. 7 i
. lnadcquatc mixing or contact time betwcen ﬁbe" i &
“” _ i contaminant and oxidizing agent. ) R
73 Very fast reaction time. This leads to significant 3. Very fast reaction times can lumut the apphcanon s
concentration reductions at source areas over a short | area of influence.
period and reduced cost over the life of the project.

ARCV. 0 [ERUE N — ——_ [y - L O R —— e e e e s e S R MKES Dx._No. [E—




4. Low regulatory resistance (degrades rapidly in 4. Creates an extremely exothermic reaction. which can
water with little byproducts of oxidation). boil water out of the aquifer or, as in one case, ignite
generated off-gas resulting in a subsurface explosion.

Off-gas and volatilization of contaminants can be an o
inhalation concern for personnel at the ground surface 9
5. More field experience in its use on pilot and full 5. Soil/rock containing carbonate (as in limestone), E
scales than any other oxidant. o bicarbonate and/or organic matter create competing
‘ reactions that hinder effectiveness.
6. Increases dissolved oxygen (DO) levels in 6. Oxidizer is unstable and extreme caunon m
groundwater throughout the treatment area, which |  handling is required
aids in bioremediation or acrobic microbial
consumption of contaminants.
7. The chemisiry of the process is well-known and 7. Redox-sensitive contaminants may be mobilized
understood and has widely been used in wastewater under oxidizing conditions
applications. !

8. Since H,0, degrades rapidly in the environment, 8. Reagent can be scavenged by natural organic matter
excess oxidant in the subsurface does not represent (NOM) in an aquifer. requiring very large

(23 SiteApplications -0 e s

In situ treatment of chlorinated solvents in groundwater using Fenton’s Reagent has been
performed at a number of governinent and private sites (see Table 1-1). In 1997, the DOE
performed a pilot-scale demonstration project for groundwater remediation using Fenton
oxidation at the. 5 avannah River Site (SRS) in Aiken, South Carolina. In one area of the site,
over 3.5 million pounds of solvents, primarily PCE and TCE, were discharged to the soil and
groundwater between 1958 and 1985 (Bryant and Wilson, 1998). The demonstration was a
cooperative venture between Westinghouse Savannah River Company and Geo-Cleanse

International Inc.

. Thearea selected for the demonstrationwas ad]acem 1o thc source area in a bowl-shapcd
... depression where TCE and:PCE had. been discharged to the soils and groundwater. e
+ Concentrations of PCE in seilin the test area ranged from 10 to.150 mg/kg with-the: highest:
- concentrations ina zone ai approximately 140 ft below ground surface. ‘Dense, non- aqueous
~ phase liquid (DNAPL) was also observed at this depth perched on a thin clay seam. thatls .

. d dcllvercd to the anllfCl’ consisting of interbedded and clay-rich sands (Bryanl and. leson, 1998) e —

. groundwater wercll
“;.,."*U'eamlentbonc T

"L.,,_V'RC‘V.O, el LI ..;,; ; i

approximately 15 ft below the waxer table Thc average conccmratxons of PCE and TCE m '

Four kigh-pressure injectors were used to deliver the solutions 10 the aquifer. Post-mjecuon
sanpling showed a destructior: of about 560 pounds of DNAPL which is a 90 percent reduction
for the treatment zone (ITRC, 2000). Average groundwater concentrations of PCE were reduced

3340-0 HG-K-05-4$15-00
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from 119.5 to 0.65 mg/L and TCE from 21.3 to 0.07 mg/L. Rebounding did occur one year after
treatment but can be attributed to small DNAPL product globules not treated (DOE, 1999b).

Examples of other facilities where Fenton’s Reagent has been used for in situ treatment of
chlorinated solvents in groundwater, either at pilot or full scale, are provided in Table 2-3.

-Table 2-3. Applications of Fenton’s Reagent for.remediation of chlorinated solvents in groundwater . ‘.
(ESTCP, 1999 and Yin and Allen, 1999).

Site Location/ * Project Remedial Objectives Ability to Meet Objectives/ Follow-up
Responsible Party Scsnle and Actons
tatus )
Kings Bay NSB, Full scale. Aggressive source Able to reduce total VOCs in the primary
Camden County, Project is reduction with chemical uutmem zone below 100 ppb. Success of
NH/DOD complete. oxidation to reduce total | the pro; X‘be linked to sandy soil with
VOCs (primarily TCE) to hxgh K (30 ft/day). State rescinded the
100 ppbd in source area. consent order and allowed shutdown of
pump and treat Natural attenuation
: to polish resi outside the source area
Pensacola NAS, Full'scale. | To significantly reduce ~ | Groundwater results after Phase 2 indicate ™ |~
Pensacola, FL/ Project is VOC (particularly TCE) that in situ oxidation was successful in
-DOD -~ -] complete. ‘contamination inthe - | remediating chlorinated-organics inthe
aquifer. treatment zone. However, the site

expetienced rebound after Phase | and
expects it again after Phase 2. State allowed

pump and treat to be permanen
discontinued. Monitored na attenuation
will be final alternauve.
Letterkenny Army Pilot scate. Evaluate ptlot « st results | Not Available. This site has a fractured
Depot, Franklin Project is to determine whether in bedrock aquifer that has undergone activ:
County, PA/DOD complete. situ oxidation alone or remediation for TCE and other chlorinated
with other technologtes solvents using in situ Fenton oxidation.
| can be used for full-scale. | Results for bedrock action not available.

.| remediation.

COSts associated with the application of hydrogen peroxide based on the stoichiometry in the - e
~ equations for oxidation of TCE can oe calculated. The weight ratio (Ib of oxidant per b of TCE

“fully oxidized}is 0.8 (ESTCP, 1999).- Typical costs are approximately $1:10-per potind of /77 o =i S

hydrogen: peroxide (normally sold as a S0 percent solution). Therefore, thé oxidant costs per -
. pound of TCE destroyed would be $0.88 using 50 percent peroxide. The use of pcmxxde would
~ also require additions of other reagents to acidify the subsurface and/or increase the iron . :
--eoncentration (iron catalyst in Fenton’s Reagent). In addition. inefficiencies of the peroxide .
.caused by natural organic. matter or other h} droxyl radical traps can mcrzase lhe amount. of
pcmxxdc needed and 1 increase thc cost per pound of TCE destroyed

"__Potassinm permanganate (KMnO,) has heen widely used in wastewater applications and to treat -
pollutants in drinking water for over 50 years (DOE. 1999d). In recent years. it has been used to
remediate sites with soils and groundwater contaminated with organics using various techniques

T AMOQHOKOSARE0 T T
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3.1  Technology Description

If applied at sufficient loadings, KMnO, is an extremely effective oxidant for chlorinated. .o e gl

- ~-—-SOlVents-such as PCE, TCE; and vinyl chioride, and can be used over a broad pH range. Soil with

o +- KMnO, is nontoxic to microbes, making it compatible with bioremedi

2KMnO, + CHCI, - 2C0, + 2MnO, + 2K* + H + oI
potassium TCE carbon manganese potassium hydrogen  chloride
Srinanganate dioxide dioxide B R

 The reaction generates innocuous by-products (carbon dioxide and manganese dioxide solids)
which allows for introduction of large volumes of oxidant solution. Also, there 1s no exothermic BRI
reaction with KMnO,, making it relatively safe to apply, compared o other oxidants (e.g.; H,0;). - -

it cor ion (Amarante, 2000),

. Stoichiometrically, a ratio.of 21 oxidan 1o TCE is required for the chemical reaction. However, = e
laborztory studies indicate that the reaction is optimized at a S:1 ratio of oxidant to TCE‘(DO_Q ‘ R~ 4
+1999d). Since KMnO, is insoluble in organic.compounds such as TCE and PCE, the oxidation .

g;ggiqg;gp the rate of solvent dissolution and mass transfer to ihe aqueous phase (ITRC,’ l * "?:

32~ ‘Advantages snd Limitations =

i "fPi'Iot?.iéﬂc"i ﬁlll-écilé‘teé}ing has 'al!ox‘ved‘ deiermination of the relative advantages and limitations .

~ of KMnO, for in situ treatinent of organic contaminants in groundwater. Table 3-1 details this
“information. ' : ‘ '

L e T T S b © . 3840-Q:HG-K-05-4815-00
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Table 3-1. Advantages and limitations of permanganate as applied to the remediation of volatile organic
compounds in groundwater (Amarante, 2000, ITRC, 2000 and DOE, 1999d).

Advantages

Limitations

1. Extremely effective oxidizer of chlorinated
hydrocarbons without production of toxic daughter_
products.

1. Potential reduction of aquifer permesability in the
area of treatment from precipitation of solid MnO,
as a reaction by-product. Also, potential increase
indissolvedMnmayberggn_hmtym

2. Can be used over a wide pH range. 2. Low solubility in water.
3. Effective in an aquifer with a high carbonate or 3. Redox-sensitive metals/costaminants may
bicarbonate content. potentially be mobilized under oxidizing
conditions.

4. Generally no exothermic reaction with KMnO, so
handling the product is relatively safe compared with

4. Less effective if natural oxidant demand is high
and/or if abundant natural organic material

~t-otheroxidants, - e e e I (NOMY i present :
5. No off-gassing and volatilization of contaminants. 5 Unreacted KMnO,'s purple color in groundwater |
6. Rapid reacton times and high destruction efficiencies | 6. Large amounts of reagent are required for the
leading to reduced remediation costs. remediation of DNAPLs.

7. Unreacted KMnO, is relatively stable in groundwater
which allows:
* A larger area of influence around the injection
point.
¢ Diffuin of the oxidant into media with low

permeaoility over time further enhancing delivery
“[ -~ tohard-to-treat contaminated zones. TR

7 Hazardous intermediate compounds may be
formed due to incomplete oxidation caused by:
¢ Insufficient quantity of either oxidant or

catalyst.
¢ The presence of interfering compounds
(natural organic-rich media, iron and/or
" manganese) that consume the reagent.
* Inadequate mixing or contact time between . -

8. lqcmasés'dis’solved oxygen in the Subs#n:au. which
- cnhances tioremediation or acrobic microbial

~_consurption of contaminants. i . ... .

10. Visible (purple) solution allows tracking of the .

___injection influence or the degree of treatment;, .}

the contaminant and oxidizing agent. .

PRSP b

:3 - Site Applications

KMhO;'has been applied fbr in situ treatment of gmundWater at a number 6f sites (see Table 1-

!). The most extensive testing of KMnO, for remediation of VOCs in groundwater has been at
the DOE’s Portsmouth Gaseous Diffusion Plant in Piketon, Ohio." Treatability demonstration

“studies of in situ ck~mical oxidation through recirculation (ISCOR) were performed at two

locatiors at the facility using two variations of the process. one with horizontal wells and one

with vertical wcells. Both of the applications were

sitallow silty gravel unit underlying the site thatrexte’nds to a depth of about 30 ft (DOE, 1999d).
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.. (NaMnO,) solution at a strength of 250 mg/L (Siegrist et al.. 2000). . . .
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X-701B Facility: In the spring of 1997, injection and recirculation of KMnO, was demonstrated
using a pair of a horizontal wells with 200 ft screened sections located within the Gallia aquifer,
which is approximately 5 ft thick at this location. The horizontal wells were placed in the center
of a 500 ft-wide groundwater plume emanating from a known TCE source (DOE, 1999d). Solid
KMnO, was mixed with groundwater extracted from the upgradient well and re-injected into the
downgradient well, approximately 90 fi away. cee

A solution of approximately 2 to 4 percent KMnO, was recirculated through the system for about
amonth. Additional injection of KMnO, was performed through a vertical well, located in the
center of the treatment area, for another 8 days to enhance the delivery of the oxidant throughout
the area between the horizontal wells. Results from the project showed a significant reduction in
TCE, both in soil and groundwater samples. The estimated average TCE groundwater :
.........concentration in the test area was 176 mg/L before treatment. 110 mg/L at completion-0f - -~ - wom orvronomm ]
treatment, and 41 mg/L 2 weeks after treatment. Of the 17 monitoring wells in the treatment -

- zone, 13 showed a reduction from a high of 820 mg/L to < 5 ug/L (Siegrist et al., 2000).

Continued monitoring indicated that the average TCE concentration for the area rebounded to 65

mg/L at 8 weeks following treatment, and 103 mg/L at 12 weeks (DOE, 1999d). These are

average concentrations and are skewed high in that the treatment solution did not reach all of the

monitoring wells due to heterogeneities {low permeability areas) in the aquifer. A significant

finding was that for every monitoring well that showed measurable KMnO,, TCE concentrations

dropped to either non-detectable or lov, ppb levels (DOE, 1999d). )
A total of 206,000 gallons of treatment solution (~12,700 kg of crystalline KMnO,) was R
delivered to the treatment region. Treatment was discontinued in part because of a buildup of

~. - colloidal particles (MnO, solids) on carbon filters within the recirculation system.

ISCOR testing was again performed at Portsmouth in 1998 using ari-array‘o'f vertical wells. A~
- "5-spot™ system of wells was used. where the njection well is located in the center surrounded ,
- by four extraction wells on 2 45-ft radius. Again, the target zone for treatment was the Gallia .. =

b aqulfefWhIChl‘anged from 3108 feet thick in this area. Pre-treatment concentrations-of TCEin .~ -~ - - - [

groundwater ranged from 133 pg/L to 2148 pg/L. The depth of injection was approximately 30 - P

""" R. and three pore volumes were injected over a period of 10 days using sodium permanganate

- T RS RPN e

L TCE concentrations were reduced to Bclow the 5 pg/l. maximum contaminant limit (MCL),a

“reduction of up to 97 percent. Oxidant was gradually depleted in 30 days, with no microbe
toxicity measvred and no permeabilty loss in the formation. .

- -Additionai examples of pilot--and full-scale projects for the remediation of chlorinated solvents ~
in groundwater are provided in Table 3-3. e
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Table 3-3 Applications of potassium permanganate oxidation for remediation of chlorinated solvents in
groundwater (ESTCP, 1999, and Amarante, 2000)

" ~Potassium pérmanganate is sold as a solid for : :
~ stoichiometry in the e ations for oxidation by permanganate, the oxidant costs per poundof - .

32 (ESTCP. 1999). As with peroxide, inefficiencies.caused by -~ -

increase the amount of oxidant needed and will increase the cost .

= nataral bxidam‘demand‘f’»“v‘m;

.. accordingly. .

40 .OZONE (0

R

.....Ozone was first used in water treatment applicati
- 1991). With an oxidation potential of 2.07 volts
" -~ quickly oxidize organic compounds once in con
-~ and therefore most suitable for treating organic

Site Location/ Project Remedial Objectives -~ Ability to Meet Objectives/ Follow-up
Responsible Party Sales and Acticns .
tatus
Launch Complex 34 | Pilot scale.. | Evaluate the complete Currently in progress. Final results not
Cape Canavenal, FL/ | Project bmgeologx'cal, available, but results for ISCOR
NASA, DOE, EPA, | ongoing. . chemical and contaminant | with KMnO, a removal efficiency
- and DOD distribution changes than 99% in several monitoring wells
of KMnO,to a -
contaminated aquifer.
BMC Olen, Pﬂotin;dy Phased objectives: Tbeuutmcmmdnmtuiﬁulgmh
Irvine, CA/Private | SOmPp 1. Reduce dissolved TCE | 1. Reducing dissolved-phase chlorinated
site. fulbscale | .4 methylene chioride VOC levels (estimated at 97% reduction | . __
PN S «W»«»wmm; T T o low ppb levels in the injection zoae).
2. Tum off active 2. Terminating active remediation by vapor | .. .
= “remediation (vapor | recovery and groundwater extracticn. | '
recovery and groundwater The treatment did not meet the further
extraction. objectives of: o
13 Ob:m site Cl"ls“c’:' 1 Site closure wid:ou&'lzng-&m
4. Achieve dissolv monitoring (partly to the unexpected
TVOC levels below 500 presence of methylene chiloride).
H/L site-wide. 2 A site-wide average dissolved TCE
concentration of less than 500 pg/L.
Long-ten:: :nonitoring will be required as
- for residual contaminants -
mﬂ)’ methylene chloride.

approximately $1.80 per pound. Based on the

ons more than 100 years ago (Langlaisetal;, "~ = """
» 0zone is the strongest oxidant available and can
tact (see Table 2-1). However, ozone is a gas,
contamination in the vadose zone or capillary

-~ ~fringe (ESTCP, 1999). Ozone has a short half-life (30 seconds in distilled water),which limi:s its

area of influence.

14
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-....the soil or water. Ozone reacts very quickly. in-the subsurface-and-does ot migrate fong

7 o

- needed.

i .[4,‘»2‘_.;..;,;,}Adv:‘_ntagesia‘qdi Limitations -

~ Table 4.
7 ‘compoun

4.1  Technology Description

Ozone is an allotrope of oxygen that contains three oxygen molecules (O,), rather than the more
common oxygen gas which consists of two oxygen molecules (O,). Ozone is unstable in nature,
and because of this, serves as an aggressive oxidizing agent (ITRC, 2000). Ozone can oxidize
contaminants directly or through the formation of hydroxy! radicals (OHe). Contaminants
oxidizable by ozone include aromatics, PAHs, pesticides aliphatic hydrocarbons (chlorinated
solvents), and ordnance compounds (e.g..explosives) (ITRC, 2000). The oxidation of TCE by

- ozone is represented by the following equation (Siegrist et al., 2000): : ‘

0, + H)0 + C,HCl, — 2CO, + 3HCl
Ozone water TCE carbon hydrochloric
dioxide acid

The reaction by-products are harmiess in the subsurface; the HCL is buffered by carbonates in

distances from the point of delivery (Yin and Allen, .
Ozone is usually delivered to the subsurface through an air sparging system using closely spaced
sparge points. Due to ozone's high reactivity, instability, and corrosivity, it is generated on site
using electrical generators. In the subsurtace, direct oxidation from the ozone occurs, as dues
oxication from the hydroxyl radicals which rapidly attack organic contaminants (typically less
thaii 10 seconds) and break down their carbon-carbon bonds (ITRC, 2000). For application of
ozone gas in situ, there is at least one patented process of delivery, but engincered solutions using
ozone are generally not proprietary. In situ application of ozone is generally delivered
 intermittently along with compressed air into contaminated groundwater using conventional
vertical 2x.d horizontal sparging wells. Alteration of pH or the addition of a catalystisnot

S el e

f.ccmc@iatio_n of VOCs in gréundwater. These are detailed in Table 4-1.° -« . o.ool

Dl

Field z,i;bliéétihdns of ozone have revealed advantages and ',limitati,dng of the technology

Bt IR e LU

 Advantages and limitations of ozone (03) as applied to remediation of volatilc.organic -
ds in groundwater (ITRC, 2000 and Amarante, 2000) RO

ST Advantages ~Limitations :
1. Applied easily througa sparging of the aquifer | 1. Ozone is unstable and requires onsite generation ... | o
|~ “through wells or well points. Easily handied at the for apphcation, which can be expensive. N
-surface. T ’ ' ‘ ’ e
2. 1s 12 time< more soluble than oxygen and is '2. Short half-life of ozone limits 1ts ability 1o mugrate
transferred into the aqueous phase more rapidly. through an aquifer over large distances, therefore,
High solubility is beneficial for achieving oxygen | requires closely-spaced delivery points..
saturation in a contaminated aquifer (to enhance
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. in Hutchinson, Kan " systen | ,
 the aquifer contaminated with 30 to 600 g/l PCE. Ozone was injected at an average rate of 3

standard cubic feet per minute. Post-application monitoring indkaxcd..that@-lfpemmt’of the PCE - 2y

Advanggg

Limitations

microbial biodegradation of organics).

3.lseﬂ'ectiveinremediatingawidevarietyoforganic
compounds, including those typically resistant to
oxidation using conventional technologies

3. Susceptible to interference from free radical
scavengers such as acids.

4. Effective in remediation of ordnance compounds

(e.g. explosives). ~

4. Potential for reaction-generation of heat and gas in
the subsurface.

5. Redox-sensitive metals/contaminants may

4.3  Site Applications

In situ ozone injection was used to remediate chlorinated hydrocarbons at Nellis Air Force Base
near Las Vegas, Nevada. Groundwater was treated during a pilot test conducted to determine the

. feasibility of using in situ ozone sparging to reduce TCE contamination in a 900 ft by 1,200 ft
area along the flight line (ITRC, 2000). The system consisted of three sparge wells with

~Iocationis based on a review of available site information and previous experience. Each sparge

well consisted of a double-screened well with proprictary sparge points both within the well and
at the bottom of the boring. A C-Sparge™ system was used to introduce fine bubbles of '
ozonated air below and into the plume of TCE-impacted groundwater. A submersible pump =
circulated water within the central part of the well to displace ths vertically moving bubbles
sideways, thereby increasing lateral dispersion and maximizing TCE destruction (ITRC, 2000).

The pilot system encountered many difficulties due to the low permeability of the soils. In
addition, there were problems with the well packers and the electrical supply resulting in

was removed (Yin and Allen, 1999).

- There are a number of oxidant delivcrvls‘ystcrns that have becn proposed and fi el“q‘l‘-tgsvwd_f

Py

. >+ that are-mere cpplicable for soil-and-vadose zone treatment can also be effecti
" . ..below the Water table. Techniques that have been
* ~remediation of VOCs ini soil are: =" = 77 .

RCVO s s o e i s b et e e s e - = wt s s e
Toechntients AR ‘AQ ) ) A - S 16

spargers (ITRC, 2000). 7

~ Atanother site, ozonc wasapphcd to remediate PCE in an }aquifcr_.bcn‘cath dr»'yr"ﬁc,-.}eaningr,facilitics.:.. .

used primarily in pilot-or full-scale

* MKES Doc. No.

.. blowouts under system pressures and dead heading of pumps. Results from the pilot test showed
- varying degrees of TCE reduction in wells and spargers, however, rebound in TCE levels was
seen in fou: out of five wells and one out of three

ansas. A C-Sparge™ system was again used at the site to test remediationof - . . -




e Lance Permeation: involves using vertical lances to inject Fenton Reagent or
permanganate solution into the soil.

e Soil Fracturing: involves creating horizontal fractures in the soil at various depths,
which are then filled with permanganate to act as horizontal treatment zones.

e Soil Mixing: the oxidant is injected through a giant auger head to react and mix with
contaminated soil. Used with either peroxide or permanganate.

Delivery systems more typically used to treat groundwater mvolvc direct oxidant mjecnon or
- injection with recirculation. Variations of these methods that have been used are: i

o Injection of oxidant through newly-constructed or existing wells (more commonly
permanganate due to process-specific pressure monitoring associated with peroxide
injection). .
- oo oo Injection.of oxidant (Fenton Reagent). through. pmpnctalyycmcauy-smcmed -
. injectors, which involves patented modes cf dehvery and/or mxxmg of the oxldant and :
B ‘ 7 caralyst (e.g., Geocleansc@d method). e

s ¢ ISCOR, which involves injection of oxidant (peroxide or pennanganatc) into the
i o PR groundwater through a series of injector wells and collection (recirculation) of treated
{ 7 groundwater in extraction wells. These well arrays can be either vertical or

t 5 horizontal. The process is also known as vertical well flushing or horizontal well
flushing.

6.0 OTHPER CHEMICAL OXIDATION METHODS

. Other lesse~-known mcthods of chemical oxidation are available for in situ groundwater -

" treatment. Although hey have not been used to a great extent, many of these methods show -
great proisise in the destruction of orgamcs in gmundwater Examples of thcse altcmauve T

= "'j,vmcthods are dmnbed bcl0w~1~‘=' e L i b R e e s

i Soduml Pemanganc’e : ‘ ‘ e -
~ One variation of pennanganatc oxldanon is the use of sodmm pcrmanganatc (NaMnO‘) for = »imn i
welv _rremedlauon oforganics in groundwater. It performs very similarly to KMnQ,, except that L
~+ .-~ NaMnQ, has a much higher solubility in water, which allows it to be used for in situ ::bmcal
" _oxidation at a much higher concentration (Armamme 2000) This greatly 1educes the time S
ncedcd to oxidize a contaminated area. Additionally, NaMnO, can be used where the potassium
jon cannot b: tolerated, such as at facilities were potassium ions interfere with background
~ radiation monitoring. DOE is using :aMnO, to remediate TCE at the Portsmouth Gaseous -
- Diffusion Plant at Piketon, Ohio. Because potassium ions interfere with backgromd radiation
monitoring at this facility, NaMnO, offers an effective alternative for in situ chcmxcal ox:danon
~ ireatment. o
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. »»--reaction-eliminates the heat and pressure prevalent with processes that use onily Tiquid hydn
- «-~peroxide.(Nuttall et al., 2000}. In-addition. the BiOx® process ‘doés not require a Tow pH range;
.., reactions take place over a normal pH range of groundwater (6 to 8 standard units). Upon ==

NaMnO, is more expensive on a pound-per-pound basis. However, its increased ease of delivery
and higher solubility save in labor and equipment costs, and reduce the remediation time. This
makes it a cost-effective alternative (Armarante, 2000).

Chlorine Dioxide : o

~ Chlorine dioxide (C1O,) has been used at a former electronics-manufacturing site in Missouri for
TCE source destruction. In addition to the oxidation, the process interacts with soil mineral
surfaces improving the partitioning of TCE from the soils and modifies groundwater redox
conditions (Adams et al., 2000). The reduction in redox potential is beneficial for bacteria-
mediated reductive dehalogenation of TCE.

Magnesium Peroxide
Treatment with variations of Fenton’s chemistry such as magnesium peroxide have been
developed to extend the reaction time of the oxidant in the aquifer. Magnesium peroxide is a

7o solid that-can be inserted in an'existing well or constriicted info a permeable barrier (RTN, 2000).
The solid magnesium peroxide decomposes into oxygen and insoluble. magnesium hydroxide. - - o

Phosphate can be added to the magnesium peroxide crystal to slow the decomposition rate and
provides somewhat of a “time release” mechanism that controls the oxygen levels in the
groundwater. R ‘ ’ o o

This controlled release eliminates the supersaturation of the groundwater with oxygen, typical of
hydrogen peroxide applications, which can actually reduce oxygen availability in the trc: tment
zone. The phosphate addition to the magnesium peroxide prevents supersaturation but may

cause gas blockage and reduce the soil’s permeability around the tnjeetion points (RTN, 2000). -~

Regenesis Corporation has developad a proprictary magnesium peroxide formulation named
Oxygen Release Compound (ORC®). The EPA evaluated ORC’s ability to treat groundwater L
~contami.iated with hydrocarbons at three sites. and the technology has been demonstrated in49 - -

- states (RTN, 2000). LT T I

~  The BiOx® process invo!ves the application of modified Fenton’s chemtstry mareagentﬂm ol .

produces a controlied release of free radicals. According to the manufacturer, the controlled

completion of the initial oxidation phase, BiOx® reagents continue to release molecular oxygen _

.7 .and nutnents fora.period of ime dependent on the contaminant flux and application rate. -
70 -CONCLUSIONS - - - -

The general conclusion drawn after researching the current state of in situ chemical oxidation

technology is that, like most new technologies, the bugs are still being worked out, particularly

- -with regard to the iemediation'of chlorinated solvents in groundwater. Because it is an in siFt
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el 2 Desngn Considerfﬁons and Process S

. that are both upgradient and in hydraulic contact with the well (Fountain, 1998). ...

groundwatcr from the rock matnx (Pankow and Chen'y 1996)

- operates a web site www.clu-in.org/fracrock devoted to" technologies applicd to gmundwater &
- remediation at fractured bedrock sites. The web site lists 2 number of project sites where
. remedial technologies for groundwater cleanup in fractured rock environments-have been

- documenting the design, application process, and results gained at these sites were not avaxlabl;."‘
’ valthough summary mformanon and project contacts are available on the EPA web sne

- Considerations ' : ' S
* Many factors need to be addmscd when sclcctmg an in situ chemxcal oxidation technology for ‘
~“groundwatzr remediaticn.  The key 1o achieving performance goals i using this method is to match s

..,Rcv. U - e e e aa e e ke s s s e e S e e e M.NO‘ v

technology, many pitfalls exist that are related to the natural hydrogeology, geochemistry, and
contaminant properties, many of which are beyond anyone’s control. These and other factors can
easily short-circuit a remediation effort, particularly if steps are missed or taken improperly
during the screening, selection, design, and operation of a chemical oxidation system. The
following sections discuss the potential application of this technology to the GWOU, including
the design and safety considerations necessary for a successful implementation of the pmma.

7.1  Application to the GWOQU

Remediation of chlorinated solvents such as TCE wnthm a ﬁ'actured rock aqucr poscs
considerable difficulties with respect to both characterization and remediation (Fountain, 1998).
Locating a solvent source zone in fractured rock is generally more difficult than in porous media.
An example of this contrast is that in relatively homogeneous porous media, “clean” water in a
well sample prowdw evidence that there is no residual solvent farther upgradient. Conversely,
“clean” water in one well in a fractured rock unit provides information only on those fractures

This difficulty comes into play again when sttempting to remediate chlorinated solventsin =~~~ " vt
groundwater with respect to both accessing the entire residual source zone and attaining

hydraulic control. Many fractures are dead-ended, potentially providing traps for solvents that.

cannot be contacted with the treatment sclution. In addition, diffusion of residual solvent 1
resident in fractures into the rock matrix potentially produces a zone of high dissolved-phase B
concentration adjacent to the fractures. If the residual solvent is removed from the fractures or

destroyed through treatment, the contamination will slowly diffuse back into the ﬁ'acnnu and

Currently, there i little information available regardmg the application of in situ chc:mcal
oxidation to treatment of fractured roci aquifers. EPA’s Technology Innovative Office (TIO)

applied. Of the 24 sites, 7 have used some form of in situ chemical oxidation. Rcfcrum

the oxidant type und delivery system to the contaminants of concern and site conditions. For in
situ chiemical oxidation to be successfully applied at the GWOU, inherent difficulties posed by
the fractured carbonate rock aquifer and the nature of the contaminant (chlorinated solvcnt) must
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5 be overcome. Subsurface characterization and the development of an accurate geological
) conceptual model that details the stratigraphy and preferred flow pathways (areas of greater

' transmissivity) are essential to implementing effective in situ oxidation treatment (ESTCP,
f 1999). It is critical that the hydrogeology and geochemistry of the aquifer be well-understood to:
} ‘ ;

. Select the best method of chemical oxidation.

: ] Optimize the design of the treatment system to effectively. dclxvet the oxidant to. i

f;, the contaminant, within the constraints of the aquifer. !
1 e  Estimate the radius of influence and fate of the oxidant in the subsurface. b
= et o Determine the potential for mobilization of contaminants.
‘ l* ' Determine the number of applications required to meet the cleanup goals.

3
‘ i“ Specific aquifer conditions and contaminant properties related to oxidant transport in the ’

: oo - ubsurface-and-projected chemical interactions-that require-measurement prior to design and- - et

1 g ; ~_ application of an in situ chcrmcal oxidation treatment svstcmarcdctaxled bclow (DOE, 1999c
1 ~ and 1999d):

S s ow e Rt

i@ @ e Soiland gronndwater pH: to dctermmc if the oxxdant will bc effectxvc mthc
' naturally occurmnng pH conditions or whether adjustment is required.

. Soil and groundwater Eh: to define background redox conditions and determine
potential impacts on speciation and mobil‘y of non-target contaminants (¢.g., metals,
wranium).

..o --Natural oxidant demand: - to estimate the demand incurred on- anmjected oxidant.by -
"~ non-targeted species in addition to the targeted contaminant. These include total

_ organic carbon (TOZ), reduced Fe and Mn, sulfides, and organic acids. These all N
. .affect the need for excess reagent and ultimately impact remediation.cost... .
L Soil and gronndwater temperature: temperature impacts reaction rates, Low
o temperatures slow reaction rates. so higher temperatures are pmfcx:md &
- Soil ane gronndwater alkalinity and ionic strength: high carbonate. alkalinity
. impacts fiée tadxcal oxidation by scavengmg the free radicals produced and limiting
lhc oxndanon cfﬁcucncy ngh xomc strength (e g abundam salts) can reduce wacnon - '

v oxxdant and mcreascs oxxdant demand

_.Contaminant type and coucentration:. affects the type and amount.of oxidant wbe
applied.

_Subsurface heterogeneities: impacts (reduces) the ability for oxidants to contact and
destroy orgamc contaminants. Also 1mpasts tranwon and fate of unreacted oxidant.

CRRE S . MKESDec.No.
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Design Process

The design process and experience base for implementation of in situ chemical oxidation projects
is still evolving. However, it recognized that the selection, design and implementation of in situ
chemical oxidation must undergo a careful, stepped approach to cover all of the components
necessary for successful application of this technology. The primary steps taken in the design
process are given in order below (Siegrist, 1998).

1.  Evaluate the site conditions and contaminant(s) of concern
2. Conceptual design of oxidant and delivery system '
B 3.  Laboratory bench-scale testing -
4.  Laboratory pilot-scale testing
5.  Field full-scale pilot testing
6. Detailed design of oxidant dosing, amendments, delivery system, process
monitoring, and control performance assessment
T A guidance and techiiology overview document is currently in preparation-covering the — - o oo

application of in situ oxidation at contaminated sites. This document provides guidance on the
evaluation and design of in situ chemical oxidation with a focus on the use of potassiumand
sodium permanganates for remediation of contaminated sites (DOE, 1999d). The document will
be titled: “Guidance for In Situ Chemical Oxidation at Contaminated Sites: An Overview with a
Focus on Permanganate Systems™ prpared for the U.S. Department of Energy. It will be
available in the late fall of 2000 (Hicks, 2000) and will provide much-needed infcrmation and
guidance regarding the selection, design, and operation of in situ oxidation systems.

..Unwanted Results . . .. . . . o V S

" Before applying any chemical oxidant to the aquifer beneath the chemical plant, it is important to

note that a change (cven locally) in the oxidation potential (Eh) within the groundwater can ‘

" potentially mobilize redox-sensitive contaminants. such as uranium, which may have precipitated
' from groundwater onto the aquifer matrix under natural reducing conditions. Pre-application

o lfrneaSn_r'cvr;xiént of Eh in groundwater and the concentration of contaminants in the aquifer material - . " $ ]
R f(liril'estdnc rock) mlcﬁtiéélisep‘s’ﬁr“assess“ "hg‘the risk bf‘m’o{)‘ifmng"  non-targeted contaminants L B g
~ through the application.of cxidant chemistries. e e

A case study that illustrates the himitations and possible risks. associated with in situ chmm:al P S

™ '=‘-;'jémei.détion?‘was-»prmntbdj»al->;he«fsef;gai\ds Interpational Conference on the Remediation.of ... - . -

" Chlorinated and Recalcitrant Compounds (Roberts, 2000). Fenton's Reagent was used to treata U
0.25-acre “*hot spot” portion of a dissolved chiorinated solvent plume at a former electroplating = =~ =
- and manufacturing facility betweén April 1998 and July 1999. The solvents originated from .~ - - o i

~ previous cleaning and degreasing operations at the plant.

The aanifer beneath the site consists primarily of glacial till deposits with occasional sand lenses. "
Unconfined groundwater was found at approximately 20 to 25 ft below grade. The main '
contaminant of concemn is TCE, which was not detected in any significant levels in the




" adsorbed and dissolved TCE in the low-permeability units began diffusing back int6'the treated

unsaturated zone above groundwater plume, indicative of a non-source area (Roberts, 2000).
TCE concentrations in groundwater ranged from 17ug/L up to 4,700 ug/L in wells located in the
hot spot area. Chemical oxidation was selected for the remediation of the dissolved TCE because
of the localized nature of the contamination, the proximity of the site regulatory threshold, and
the need to implement an expedited and economical remedial alternative (Roberts, 2000).

Fenton’s Reagent was delivered to the aquifer through 14 injectors over a 6-day period. A total
of approximately 3,500 gallons of 50 percent hydrogen peroxide and 3,200 gallons of ferrous
 sulfate catalyst were injected. The process was monitored for delivery rate, peroxide
concentrations, injection pressures, groundwater elevations, water quality measurements, and off-
gas. Observations of bubbling and frothing within wells and on the ground surface were noted
and used to help make adjustments in the injection program.

Results from the monitoring showed a significant drop in TCE concentrations in monitoring

wells in the days immediately following the oxidant injection. However, the levels rebounded in

- -some wells to-50-percent of the baseline measurement within 4 weeks. Five months.after .. s

treatment, TCE concentrations in most of the wells had rebounded dramatically, in one well to ' .8

" one order of magnitude higher than had ever been measured in the previous 9 years. Another - -+

well was three times higher. The most recent groundwater sampling after 15 months shows that

TCE levels have further increased in five n:onitoring wells nearest the center of the original “hot

spot,” the worst being 20 times higher that the historical pre-injection maximum concentration.

Another finding *as that the configuration of the plume had changed, and the size had

approximately doubled.

_ The designers/operators of the system believe that the TCE concentrations rebounded because
the oxidant was effective primarily in preferential subsurface flow paths. Thehighly
heterogeneous soils of the site have a wide range of permeability. The injected oxidant likely
moved predominantly through and reacted with TCE in higher permeability horizons (e.g. sand
lenses), leaving the lower permeability zones (silts) partially treated. Following the treatment, = =

higher permeability zones, showing a remarkably uniform rate of rebound. The changein
shape/enlargement of the TCE plume was attributed to exceeding the soil overburden pressures
"~ during injection and fracturing the soil, thereby opening up new or extending exxstmg s WL
- preferential flow paths. . , . : ,

SO TRRIE

" poor esuls o his injeton peject precluded any futhr applictions. THis projet
~ illustrates the potential impact of a heterogeneous aguifer on the treatibility of contaminants in

- groundwater. This phepomenon has also been observed at other sit